Background: Negative pressure wound therapy represents an effective therapy to treat nonhealing diabetic wounds by promoting angiogenesis, of which the mechanism hasn't been investigated thoroughly. Growing evidence suggests that miRNAs hold great potential to be clinical biomarkers, and miR-126 is an essential angiogenesis regulator in diabetic wound repair. Purpose: Our study aims to explore the effect of NPWT on the expression of miR-126 in the wound tissue and plasma of diabetic rat models and the association between circulating miR-126 and two quantitative indexes of angiogenesis. Methods: Full-thickness excisional wounds were created on the back of diabetic rats. Measure the wound closure and collect the wound tissue and blood for H&E, immunohistochemistry, Western blot and RT-PCR. Here we demonstrated that significantly increased capillary density and arteriolar density in the NPWT group at each specified time-point. Results: In the NPWT group, miR-126 expression was significantly increased on days 3, 5, 7, and 9 (P<0.05). Furthermore, statistically significant increases in VEGF mRNA and protein expression and p-ERK expression, as well as decreased SPRED1 expression, were noted upon treatment with NPWT on day 9. Our data revealed that miR-126 expression in the wound and plasma was significantly associated (P<0.05). Moreover, a positive correlation was also detected between increased levels of circulating miR-126 and arteriolar density, as well as capillary density (P<0.05). Conclusion: The study suggested that miR-126 was upregulated by NPWT and could represent a promising monitoring tool for angiogenesis in diabetic wounds treated with NPWT.
Introduction
Recent data indicate that the global prevalence of diabetes mellitus will likely reach up to 600 million by 2,035, and this prevalence will impose serious personal and societal healthcare burdens worldwide. 1 A nonhealing chronic wound is one of the most serious diabetic complications resulting in pain, suffering and poor quality life for people with diabetes. In contrast to normal wound healing, diabetic wounds, particularly those that involve the feet, are commonly associated with inadequate local angiogenesis that fails to supply sufficient oxygen and nutrients for wound repair. 2 Moreover, the growth of new blood vessels is essential for granulation tissue formation, which is a crucial process of wound healing. [3] [4] [5] Thus, it is imperative to identify efficient therapies to increase angiogenesis and promote wound healing. Among all types of wound therapies, NPWT is an effective and safe option to generate a well-vascularized diabetic wound. NPWT consists of an adhesive dressing and a negative pressure generator, which are connected by a tube. The therapy has been widely used to accelerate the healing of various wounds for decades of years. 6 In addition to keeping the wound moist, the removal of harmful substances and the induction of perfusion changes, wound healing is facilitated by the overexpression of vascular endothelial growth factor (VEGF). 7 Within the field of various factors participating in the regulation of wound angiogenesis, VEGF is considered to play an indispensable role. 8 VEGF also aids in wound healing by facilitating the formation of the granulation tissue. 9 However, the underlying molecular mechanism regarding how NPWT influences VEGF expression remains unclear.
Although NPWT exhibits excellent performance in promoting wound healing by participating in angiogenesis, there are sporadic clinical cases involving impaired angiogenic response and ability to fight infections in the wound area that exhibit failing angiogenesis. 10 Given that typical NPWT foam dressing is expensive and its adherence to the wound bed can cause acute pain and slow healing and recovery during dressing changes, it limits the possibility of frequent inspection and changes. Thus, the judgment is exclusively based on the clinical experience of the operating surgeon. Thus, it is clinically significant to identify some promising biomarkers isolated from peripheral blood that exhibit relevance in evaluating wound angiogenesis with NPWT and can guide the time for discontinuation to realize optimal costeffectiveness of the therapy in the future.
MicroRNAs (miRNAs) are highly conserved, nonprotein coding that are only 21-23 nucleotides long. MicroRNAs mainly match with diverse mRNAs in a 3′ noncoding region to regulate gene expression, which promotes mRNA degradation and subsequently inhibits protein translation. 11, 12 miRNA studies revealed that they control various cellular and pathological processes, such as proliferation, immunity, and metabolism. Recently, mounting studies have demonstrated that several specific miRNAs are critically involved in wound angiogenesis as angiogenic regulators and present in the circulation in a stable form both in humans and animals.- [13] [14] [15] [16] [17] [18] Among them, miR-126, which is the only miRNA reported to be specifically expressed in endothelial cells, has been proposed as a significant angiogenic regulator and biomarker in various diseases. Specifically, in type 1 and 2 diabetes, miR-126 was strongly associated with micro/ macrovascular complications. miR-126 has been identified as a biological target and holds potential for use as a diagnostic and therapeutic tool. [18] [19] [20] Some reports demonstrated that diabetic microangiopathy including diabetic wounds obtained a better curative effect via increasing the expression of miR-126 directly or indirectly. 21, 22 More importantly, miR-126 can increase the expression of VEGF by inhibiting negative regulators of the VEGF receptor pathway, including Sprouty-related EVH1 domain containing protein 1 (SPRED1) and phosphoinositol-3 kinase regulatory subunit 2 (PIK3R2). 16 Moreover, reduction or deletion of miR-126 affects vascular integrity and causes defects in endothelial progenitor cell-mediated functional vascular properties. 23 Although it has long been realized that miR-126 is a strong participant in multiple diabetic complications, there are no studies researching the effect of NPWT on miR-126 expression in diabetic wounds. Therefore, the aim of this study was to determine whether miR-126 is involved in angiogenesis in diabetic wounds treated with NPWT in both wound tissue and circulation. In addition, we sought to determine whether miR-126 could be used as a biomarker of the response to therapy by exploring the association between circulating miR-126 and blood vessel density.
Materials and methods

Ethics statement
All experiments were performed in compliance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Wuhan University. The experimental protocol was approved by the Committee on the Ethics of Animal Experiments of Wuhan University, Wuhan, China (Approval number:2,018,088). All efforts were made to minimize animal suffering.
Establishment of a diabetic wound healing model and grouping
We purchased male Sprague-Dawley (SD) rats at age 8 weeks and weighting 260-300 g from the laboratory Animal Center of Wuhan University (China). After 3 days of adjusting to the new environment, all rats were induced by intraperitoneal injections of STZ (60 mg/kg in citrate buffer with pH 4.5, Sigma, USA), and then given free access to food and water. A blood sample via the tail vein was assessed using a glucometer. The blood glucose of rats was monitored every day before the wound surgery. Three days after injection,only rats with blood glucose greater than 300 mg/dl (16.7 mmol/L) were considered diabetic and included in further step. During all the period of the experiment, those with levels below 180 mg/dl were considered non-diabetic and between 180 mg/dl and 300 mg/dl were excluded from the study. In addition, we measured the changes of the weight, water intake and urine output before the injection (baseline) and at 3 days post injection, which is the typical symptoms of diabetes mellitus, the results is shown on the Figure S1 . Thirty diabetic rats were randomly distributed into two group: the NPWT group and the control group (n=15/each group). All rats were placed under general anesthesia with ketamine hydrochloride (60 mg/kg body weight) before surgery. After the backs of the rats were shaved and disinfected, a full-thickness excisional wound (20 mm in diameter), including the panniculus carnosus, was created on the back of the rats. For the NPWT group, the wound was covered with a medical foam (VSD Medical Technology Inc., Wuhan, China), and constant 125 mmHg suction was produced by a Vacuum-assisted Closure Device (VSD Medical Technology Inc., Wuhan, China), the appliance and the foam are shown on the Figure S2 . For the control group, moist gauze dressings were placed on the wound. Dressings were changed every 3 days in two groups. The blood glucose of rats was measured at day 0, 3, 5, 7, 9 after surgery.
Measurement of wound closure and collection of wound tissue and blood
Three animals were taken from each group and sacrificed for photographing wound and collecting samples, including wound tissue and blood at day 0, 3, 5, 7, and 9 postsurgery. The wound area was calculated using Image Pro Plus 6.0(IPP 6.0) software (media cybernetics, USA). The unhealed rate was calculated by comparing the unhealed wound area to the original wound area. Healing rates (%) = (wound area on day 0−wound area on day "X")/(wound area on day 0) ×100%. Fresh granulation tissue from the center of the wound was obtained and subdivided into two portions. One section was fixed in 4% paraformaldehyde and embedded in paraffin for hematoxylin-eosin (H&E) staining and immunohistochemistry. The other was stored at −80°C for miRNA expression by RT-PCR and protein analysis by Western blot assay. Blood (2 mL) was collected into a 0.5-mL K 2 -EDTA tube from the lateral tail vein and then mixed well with EDTA by inverting the tube 10×180°and back. After the first step, we centrifuged the sample at 1,300×g, 10 min, and 4°C to obtain the plasma (50-200 μL), which was stored at −70 to −80°C until processing.
Immunohistochemical analysis
Immunohistochemistry was performed to assess wound angiogenesis on days 0, 3, 5, 7 and 9. The wound tissue was embedded in paraffin and cut into 5 μm slices. Quantification of capillary density and arteriolar density were assessed by immunohistochemical staining with CD31, which is regarded as an endothelial cell marker, and α-SMA, which served as a smooth muscle cell marker. Furthermore, 5 randomly selected areas from 3 sections from different animals were double blindly counted three times with magnification x200. The number of CD31-positive cells per square millimeter was used to quantify the capillary density. Similarly, arteriolar density was expressed as the number of α-SMA-positive cells per square millimeter.
Real-time quantitative PCR
Total RNA was extracted from the wound tissue and plasma using TRIzol Reagent (InvitrogenTM, Carlsbad, CA) following the manufacturer's instructions. cDNA was synthesized using the PrimeScript II First Strand cDNA Synthesis Kit in accordance with the manufacturer's protocol (Takara Bio, Japan). Briefly, conditions of the reaction were as follows: an initial step of denaturation for 1 min at 95°C followed by 40 cycles of 95°C for 30 s, 60°C for 20 s, and 70°C for 1 s. The relative expression level of miRNA-126 was normalized to U6 small nuclear RNA expression, and mRNA expression was normalized to the housekeeping gene GAPDH. All RNAs were computed using the 2 ΔΔCT method. The analyses for miR-126 were operated at each special time (day 0, day 3, day 5, day 7, and day 9 post-surgery), and analyses for SPRED1, PI3KR2 and VEGF were performed on day 9. The primers used for qRT-PCR are listed in Table 1 .
Western blotting analysis
Total protein was isolated from the wound tissue obtained at indicated times with RIPA (Aspen Inc.) following the manufacturer's instruction. The protein concentrations were determined using the BCA (Aspen Inc.). Equal amounts of protein from each tissue were separated by SDS-PAGE (Aspen Inc.), transferred to a PVDF membrane, and incubated with 5% milk for 1 h at room temperature. The membranes were incubated overnight at 4°C with rabbit anti-phosphorylated-ERK (1:1,000; Cell Signaling Technology), rabbit anti-ERK (1:2,000; Cell Signaling Technology), rabbit anti-phosphorylated-AKT (1:1,000; Cell Signaling Technology), rabbit anti-AKT (2:1,000; Cell Signaling Technology), rabbit anti-SPRED1 (1:1,000; Abcam), mouse anti-VEGF (1:500; Abcam), and rabbit anti-glyceraldehyde 3-phosphate dehydrogenase (1:1,000; Abcam). Next, anti-rabbit IgG (1:10,000; Aspen, Inc.) and anti-mouse IgG (1:10,000; Aspen, Inc.) were used as second antibodies at 1:2,000 for 30 min. Quantification of the protein bands were performed with AlphaEaseFC (Alpha Innotech, San Leandro, CA) software. Sample analyses were performed on day 9.
Statistical analysis
The data were presented as the mean ± standard deviation and analyzed with SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Numerical variables with variance homogeneity were performed using two-sample t-test. Pearson correlation analysis was employed to assess the correlation between normally distributed data. A probability value (P) of less than 0.05 was considered to be a statistically significant difference.
Results
The acceleration of wound healing in NPWT group
Wound healing was significantly accelerated by NPWT. Photographs of wound healing progression from each group in diabetic wound model were shown in Figure 1A .
Obviously, diabetic wounds treated with NPWT showed significantly healing rates at all time points compared with control groups (P<0.05, Figure 1B ). More importantly, as exhibited in Figure 2 , when compared with control group, NPWT group shown abundant blood vessel distribution, increased collagen fibers aggregation and less inflammatory cells on days 3, 5, 7, and 9 via using (H&E) staining.
Increased angiogenesis in NPWT group
α-SMA-positive cells per square millimeter were used to evaluate arteriolar density, and the results are summarized in Figure 3 . Arteriolar density was significantly increased in the NPWT group compared with the control group at each time point (3, 5, 7, 9 days; P<0.05; Figure 5A ). Using CD31 staining to assess capillary density, we observed abundant CD31-positive cells per square millimeter in the NPWT group but few cells in the control group on days3, 5, 7, and 9 (P<0.05; Figure 4 , Figure 5B ).
NPWT increases miR-126 expression in both tissue and plasma obtained from a diabetic rat wound model
We examined miR-126 expression from wound tissue and plasma obtained from the diabetic rat wound model treated with NPWT and conventional dressing on days 0, 3, 5, 7, and 9. The results were presented in Figure 2A and B. Tissue miR-126 expression levels were significantly increased in the NPWT group compared with the control group at every time point (3, 5, 7, and 9 days; P<0.05; Figure 6A ). In addition, miR-126 expression in the plasma samples from the NPWT group also exhibited significantly increased levels compared with the control group on days 3, 5, 7, and 9 (P<0.05; Figure 6B ). Furthermore, tissue and plasma miR-126 levels exhibited a significant increase compared with baseline level (0 day) in the NPWT group. Moreover, in the NPWT group, a very significant positive correlation was noted between miR-126 detected in wound tissue and its expression in plasma via linear regression analysis (r=0.871; P<0.01; Figure 6C ).
miR-126 modulates VEGF receptor pathway activity in the diabetic rat wound model treated with NPWT
In our study, VEGF mRNA and protein levels were significantly increased on day 9 in the NPWT group ( Figure 7A-C) . Previous studies demonstrated that miRNA-126 facilitates angiogenesis by inhibiting SPRED1 and PIK3R2, two negative regulators of the VEGF receptor pathway. To investigate potential mechanism underlying the influence of NPWT on diabetic rat wound models, we detected mRNA levels of miRNA-126 target genes and corresponding protein levels using qRT-PCR and Western blotting, respectively, on day 9 ( Figure 7) . The NPWT group exhibited significantly reduced SPRED1 mRNA expression levels. The result was consistent with a previous study that demonstrated that increased miR-126 levels cause SPRED1 downregulation ( Figure 7A ). 17 SPRED1 protein levels correlated with the mRNA changes ( Figure 7B-C) . When compared with the control group on 9 days, treatment with NPWT significantly increased pERK protein levels, which is negatively regulated by SPRED1 ( Figure 7D and F) .
However, we found that the mRNA and protein levels of PIK3R2, which is validated target genes of miR-126, were not significantly different between the NPWT group and control group on 9 days ( Figure 7A-C) . NPWT did not significantly increased pAKT/AKT expression compared with the conventional dressing group (Figure 7E-F) .
Association of circulating miR-126 with capillary density and arteriolar density in the diabetic rat wound model treated with NPWT Vessel density increased upon upregulation circulating miR-126 upregulated at the four time points in the NPWT group. A positive correlation was observed between circulating miR-126 levels and arteriolar density in the diabetic rat wound model treated with NPWT (r=0.827, P<0.01, Figure 8A ). The same observation was noted concerning capillary density and circulating miR-126 with a correlation coefficient of 0.895 (P<0.01, Figure 8B ).
Discussion
At present, mounting evidence suggests that the use of NPWT is beneficial for nonhealing diabetic wounds by promoting angiogenesis. 24, 25 However, the precise mechanism of NPWT-induced angiogenesis is less obvious. In our study, we demonstrated that miR-126 may participate in NPWT-induced angiogenesis in diabetic wounds by regulating the VEGF receptor pathway.
Furthermore, we identified a significant correlation between circulating miR-126 and angiogenesis, laying the foundation for further clinical application.
The intractable wound of diabetic patients is one leading cause of diabetes-associated morbidity and mortality, which presents an enormous challenge to all surgeons. 26 As described above, angiogenesis is an essential process of wound repair given that vessels can provide nutrition and oxygen for cells at the wound site and remove waste products. However, the pathogenic mechanisms of nonhealing diabetic wounds and other micro/macrovascular diabetic complications largely involve insufficient angiogenesis; therefore, the acceleration of wound healing remains precarious.
NPWT has been widely used in clinical practice to increase wound healing for decades. The therapy includes the controlled application of sub-atmospheric pressure to the local wound environment using a sealed wound dressing connected to a vacuum pump. Numerous studies have revealed that the facilitation of angiogenesis surrounding the wound bed is one of the most significant beneficial factors of NPWT. 7 NPWT-induced angiogenesis occurs via VEGF pathway activation in the wound area, where VEGF overexpression has been detected. 27, 28 As one of the most significant growth factors, VEGF increases angiogenesis in diabetic wounds. 29 Our results were consistent with the previous studies and provided evidence that NPWT promotes VEGF-induced angiogenesis. In addition, our previous studies demonstrated that NPWT increased capillary quality via promoting structural integrity and functional stabilization at various stages of wound healing. 30 However, exogenous application of VEGF as a proangiogenic factor did not exhibit a reliable clinical effect, which may lead to sustained leakage of vascularization and disorganized formation of blood vessels. This treatment was abandoned after phase II clinical trials. 31 Therefore, it is worth exploring the possible mechanism by which NPWT promotes VEGF expression and vascular maturation. Given that miRNAs have more than one target, they are referred to as powerful gene expression regulators of an entire functional network. To date, the vast majority of miRNAs are key mediators in the phases of wound repair. 13, 32 Here, we focus on the roles of miR-126 in wound healing using NPWT. miR-126, which is located in an intron of Egfl7, is abundantly enriched in endothelial cells. 33 Previous studies have demonstrated that angiogenesis does not occur in zebrafish and mouse embryogenesis when miR-126 is knocked out. 16 In addition, emerging evidence suggests that miR-126 plays an important role in the stabilization and maturation of neovascularization by influencing angiopoietin-1 signaling and p21-activated kinase 1 gene expression. 34, 35 Studies have also found that miR-126 facilitates angiogenesis after injury via regulating SPRED1 and PIK3R2 expression (also known as p85β), which are two negative regulators of the VEGF pathway. 16, 33 The miR-126-SPRED1/PIK3R2-VEGF axis has been assessed as a dominant regulator in the process of angiogenesis. 18, 36 SPRED1 is a member of the Sprouty and Sprouty-related protein family and negatively regulates MAP kinase pathway activation. 33 Another target of miR-126, PIK3R2, inhibits activation of PI3 kinase, which is critical in the AKT pathway. 37 The PI3 kinase pathway and the MAP kinase pathway, which can be evaluated by quantifying pAKT and pERK, respectively, are activated in response to miR-126. Numerous studies have revealed that miR-126 performs an insignificant role in the different phases of wound repair. miR-126 regulates leukocyte adherence to endothelial cells and the expression of vascular cell adhesion molecule-1 (VCAM)-1 in the inflammatory phase. 38 In the proliferation phase, miR-126 is important for endothelial cell proliferation, migration and angiogenesis. 33 More importantly, miR-126 was downregulated in diabetic patients and animal models, which hindered endothelial progenitor cell function. 39 What's more, the lower expression was observed in patients with diabetic micro/macrovascular complications, which indicates impaired angiogenesis in these individuals. 18, 19 However, upregulation of miR-126 expression via various mechanisms partly restored wound repair ability and angiogenesis. 15, 21, 40 These data demonstrate an indispensable role of miR-126 in repair and regeneration of diabetic tissue healing. Given that the key role of miR-126 in angiogenesis and vessel maturation of injury repair occurs by regulating multiple signaling pathways, miR-126 overexpression contributes to diabetic wound healing. Our study demonstrated that miR-126 tissue levels were upregulated in the NPWT group on days 3, 5, 7, and 9. In addition, reduced SPRED1 expression was noted on day 9 compared with the conventional dressing group. In the NPWT group, the reduction of SPRED1 expression, which facilitates the MAP kinase pathway, was associated with overexpression of pERK, which is downstream of the pathway. However, the expression of another target of miR-126, PIK3R2, and its downstream pathway did not exhibit any differences between the NPWT group and conventional treatment group. Thus, our research contributes to evidence to the hypothesis that miR-126 plays a regulatory role in VEGF-induced angiogenesis of diabetic wounds treated with NPWT by affecting the expression of SPRED1 and the MAP kinase pathway. Our study also suggests that NPWT may foster neovascular stabilization and maturation by increasing miR-126 expression.
We previously demonstrated that NPWT promotes VEGFinduced angiogenesis of wounds, which was accompanied by the overexpression of miR-126 in wound tissue as demonstrated in this study. Furthermore, miRNAs have been found in stable forms in different body fluids, such as plasma and serum, where their changes appear to represent disease states or the response to certain therapies. 41 Although the source of circulating miRNA is still debated, emerging evidence suggests that these circulating miRNAs are from tissues in the context of pathological stress, including wound tissue. 41 Several underlying mechanisms are involved in this phenomenon, including leakage from damaged cells, microvesicles secretion, or microvesicles-free mechanisms. 42 Our research revealed that miR-126 expression was roughly similar between plasma and wound tissue in the NPWT group. Our data also suggest that circulating miR-126 likely originated from wound tissue. Given its specific expression, miR-126 holds great potential as a biomarker for diagnosis, prognosis, and monitoring of treatment effects. Currently, the methods available to assess diabetic wound angiogenesis are typically rely on significant clinical experience. Thus, we explored the expression of circulating miR-126 and its clinical relevance in NPWT-induced angiogenesis. Our research demonstrated that circulating miR-126 expression was significantly increased in the NPWT group compared with the control group at every time point. More importantly, its expression was markedly associated with two quantitative indexes of angiogenesis in a diabetic wound model treated with NPWT. Given its high level and long duration of expression, we hypothesize that circulating miR-126 can be a more precise and innovative tool for monitoring nonhealing diabetic wound angiogenesis under the conditions of NPWT instead frequent changes of dressings, causing an unnecessary economic burden and pain. Therefore, measurement of miR-126 seems to be of value for distinguishing between successful and failed angiogenesis of nonhealing complex wounds of diabetic patients during NPWT in the future.
In conclusion, our study revealed significant increases in miR-126, which regulates VEGF-induced angiogenesis in diabetic wounds treated with NPWT. Determination of circulating miR-126 concentrations might be valuable for predicting the level of angiogenesis in diabetic wounds treated with NPWT. However, our research was based on animal models that insufficiently approximate human diabetic wound healing, especially chronic wounds. Therefore, further studies are essential to detect standardized and detailed expression levels of miR-126 in clinical samples and the exact mechanism controlling SPRED1 expression. We may also need to further investigate the combinatorial therapeutic effect between modulating the miR-126 expression levels and NPWT on nonhealing diabetic wounds in the future. and commentaries are all considered for publication. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors. 
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